The recent theoretical prediction and experimental realization 1-13 of topological insulators (TI) has generated intense interest in this new state of quantum matter. . Crossing of the two surface state branches with opposite spins in the materials is fully protected by the timereversal (TR) symmetry at the Dirac points, which cannot be destroyed by any TR invariant perturbation. Recent advances in thin-film growth [14] [15] [16] have permitted this unique two-dimensional electron system (2DES) to be probed by scanning tunneling microscopy (STM) and spectroscopy (STS) [16] [17] . The intriguing TR symmetry protected topological states were revealed in STM experiments where the backscattering induced by non-magnetic impurities was forbidden [17] [18] [19] . Here we report the Landau quantization of the topological surface states in Bi 2 Se 3 in magnetic field by using STM/STS. The direct observation of the discrete Landau levels (LLs) strongly supports the 2D nature of the topological states and gives direct proof of the nondegenerate structure of LLs in TI. We demonstrate the linear dispersion of the massless Dirac fermions by the square-root dependence of LLs on magnetic field.
Sb 2 Te 3 13 consist of a single massless Dirac cones 8 . Crossing of the two surface state branches with opposite spins in the materials is fully protected by the timereversal (TR) symmetry at the Dirac points, which cannot be destroyed by any TR invariant perturbation. Recent advances in thin-film growth [14] [15] [16] have permitted this unique two-dimensional electron system (2DES) to be probed by scanning tunneling microscopy (STM) and spectroscopy (STS) [16] [17] . The intriguing TR symmetry protected topological states were revealed in STM experiments where the backscattering induced by non-magnetic impurities was forbidden [17] [18] [19] . Here we report the Landau quantization of the topological surface states in Bi 2 Se 3 in magnetic field by using STM/STS. The direct observation of the discrete Landau levels (LLs) strongly supports the 2D nature of the topological states and gives direct proof of the nondegenerate structure of LLs in TI. We demonstrate the linear dispersion of the massless Dirac fermions by the square-root dependence of LLs on magnetic field.
The formation of LLs implies the high mobility of the 2DES, which has been predicted to lead to topological magneto-electric effect 7, 20 of the TI.
The experiments were conducted at 4.2 K in a Unisoku ultra-high vacuum low temperature STM system equipped with molecular beam epitaxy (MBE) for film growth. The stoichiometric Bi 2 Se 3 films were prepared on graphitized SiC (0001) substrate. Details of sample preparation have been described elsewhere 15, 16 . Figure 1a shows a typical STM image of the atomically flat . The angle-resolved photoemission spectroscopy (ARPES) data (supplementary Fig. S1) suggest that the bottom of bulk conduction band is 185 meV above the DP. Therefore, the Fermi level of the film is well within the bulk energy gap, indicating that our MBE films are of very high quality.
In STS, the differential tunneling conductance dI/dV measures the local density of states (LDOS) of electrons at energy eV, where -e is the charge on an electron. Figure 1d shows the dI/dV spectrum on the Bi 2 Se 3 surface at zero magnetic field. The DP of the topological states corresponds to the minimum (indicated by an arrow) of the spectrum and is about 200 meV below the Fermi level. However, the actual position of the DP should be a few tens of meV higher than that in the STS. The difference is due to the tip-induced charging and will be discussed later.
The high quality of the films ensures the observation of LLs. When a uniform magnetic field is applied perpendicular to the sample surface, the energy spectrum of the two-dimensional topological states is quantized into Landau levels. Unique to the massless Dirac fermions, the energy of the n th level LL n has a square-root dependence on magnetic field B 7, 24-26 :
where E D is the energy at DP, v F is the Fermi velocity, and is Planck's constant h divided by 2 . Here we neglect the effect of the Zeeman splitting which only leads to a correction of several meV to the Landau level spectrum for the magnetic field range (B 11T) we used. The number of electrons per unit area on a Landau level is proportional to the magnetic field and given by
The factor Z is the degeneracy of the level and depends on the materials. In the case of graphene, Z=4 because of the two spin states and two in-equivalent Dirac cones 24 .
By contrast, Z=1 is expected for the topological surface states of a TI with a single Dirac cone and the unconventional spin structure. Unlike the 2DES with a parabolic dispersion, the unusual LLs of massless Dirac fermions are not equally spaced. In particular, the zero-mode level LL 0 has anomalous properties. Leaving the n=0 level empty or completely filling it gives rise to the quantum Hall effect (QHE) with Hall conductance -1/2 or +1/2 in units of e 2 /h, and this effect is crucial for the topological magneto-electric effect defining the TI 7, 20 . In contrast, in a system with multiple Dirac cones, the half-quantized Hall conductance due to a single Dirac cone can be cancelled by the degeneracy factor Z, such as the case for graphene with Z =4 27, 28 .
The magnetic field dependence of tunneling conductance in Fig The Dirac fermion nature of the electrons is revealed by plotting the energies of LLs versus nB (Fig. 2b) . Notably, the E n 's in the vicinity of the Fermi level fall on a straight line, as predicted by Eq. (1). However, the energies of LLs with smaller index n deviate from the linear fitting. This deviation can be understood by considering the electrostatic field between the sample surface and the STM tip (supplementary Fig. S2 ). The density of the induced charges in the presence of a tip is given by 0 V/d, where V~100 mV and d~1 nm are the sample bias voltage and the distance between tip and sample, respectively. Typically, the induced density of electrons is in the order of 10 12 cm -2 , which is comparable to the intrinsic carrier density on the surface without a tip. Thus, the effect due to the electric field in tunneling junction is not negligible.
When the bias voltage is low (close to the Fermi level), the field-effect can be linearised, which predicts that the peak positions in dI/dV are simply given by a linear rescaling of the Landau level energies in Eq. (1) (see supplementary information).
This explains why the LL positions near the Fermi level can be well fitted by a linear function of nB , as shown in Fig. 2b . From the slope and the intercept of the linear fitting, one can obtain the electron density per LL as
where is the number of LLs below the Fermi energy (1/2 comes from the contribution of LL 0 ). depends on the applied magnetic field and can be obtained by counting the peaks in the spectra in Fig. 2a . Equation (3) offers an independent measure of n L , the number of electrons per unit area on a Landau level, which is proportional to the magnetic field (Eq. (2)). The slope of the line fitting obtained from plotting n L versus B gives Z=0.99 (Fig. 3) . The experiment provides direct proof of the nondegenerate structure of the LLs, as shown schematically in the insert of Fig. 3 .
At higher bias voltage, the field-effect becomes less efficient to move the Dirac cone downwards because less DP shifting is needed to accommodate the same amount of induced charges after considering the cone-shaped dispersion of the topological states. In fact, the DP shifting can be rather slow after the electric field moves the bottom of the bulk conduction band below the Fermi level. Consequently, the apparent positions of the LLs with small n tend to stay above the linear fitting as shown in Fig. 2b because of the aforementioned nonlinearity in the field-effect. In addition, the quadratic terms in Hamiltonian can also contribute to the deviation from the linear relation. More detailed analysis of the quadratic contribution, the electronelectron interaction due to the induced charges and the shape of the probe tip would be required for a complete understanding of the LLs.
The finite size (~20 nm typically) of the STM tip introduces inhomogeneity to the 2DES and broadens the LLs. Besides this field-effect broadening, several intrinsic mechanisms also contribute to the finite quasiparticle lifetime, including defect scattering, electron-phonon scattering and electron-electron interaction. The defect scattering comes into effect when the distance between impurities in the 2DES is comparable to the magnetic length l B = eB . To demonstrate the suppression of Landau quantization by defect scattering, we doped the Bi 2 Se 3 sample with Ag atoms (Fig. 4) . Compared with the undoped sample, the DP shifts downwards in energy because of the electron transfer from the Ag atoms to the substrate. At low defect density ( Fig. 4a) , no explicit change in the tunneling spectrum has been observed. But if we further increase the doping to a density so that the distance between defects is close to l B~1 0 nm, the magnetic length at 11 T, the LL peaks in the spectra are suppressed considerably (Fig. 4b) .
Besides the point defects, the step edges on the surface can also scatter the 
The tip-induced field effect
The number of electrons per unit area in the energy range from the DP to the Fermi level is given by
We refer to the Fermi level as the zero point for energy. Roughly, the surface density of induced charges is proportional to the applied bias voltage V on the sample. The position of DP, as a function of bias, has to be adjusted in order to accommodate the induced charges. Therefore,
The Fermi level of the tip is below that of the sample when V<0. The above equation
can be linearised when V is small. Then we have
where is a constant. When the magnetic field is on, a bias voltage V n is required to see LL n and given by (see the figure below)
where
From Eq. (S3) -(S5), we obtain
If V n is plotted as a function of nB , the ratio r between the intercept and the slope provides an estimation of the electron density on each Landau level:
Figure S3 | The Dirac point under the influence of tip.
Analysis on the peak width of LLs
There are four contributions to the width of the LLs: (1) tip-induced inhomogeneity, (2) defect scattering, (3) electron-phonon scattering, and (4) electron-electron scattering. In the present case, we suggest that the tip-induced inhomogeneity is one of the dominating factors in determining the peak width. There are two competing mechanisms of tip effect on the peak width: (1) increasing bias voltage makes the potential distribution on the surface more inhomogeneous and broaden the peaks; (2) the inhomogeneity becomes less effective at higher bias because of the reduced radius of LLs, in particular when the radius of LLs is less than that of the tip. The competition of the two effects generates a maximum in the peak width as shown in The resolution of spectra. At lower field, the curves for level separation always intercept with the peak width curve at two locations, leading to under-resolved regions in the dI/dV spectra.
